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The Kitaev model in a honeycomb lattice, which has an 
exactly solvable spin liquid as the ground state [1], has at-
tracted a lot of research interests. Recently, Kitaev-type in-
teractions were discovered in several quasi-2D, honeycomb 
lattice compounds, such as A2IrO3 (A=Li, Na) [2–7] and 
-RuCl3 [8–15]. In these compounds, both the spin-orbit 
coupling and electron correlations play an essential role in 
the emergent Mott insulator behaviors [2,16–19]. Although 
the ground states of these compounds are magnetically or-
dered [20–25] due to non-Kitaev interactions, proximate 
Kitaev spin liquid behavior was proposed at high energies 
[23–26], whereas the low-energy spin fluctuations are 
strongly affected by the interplay of non-Kitaev terms 
[27,28]. 
For -RuCl3, the Kitaev terms are found to be very strong, 
comparing to the non-Kitaev terms including the Heisen-
berg exchange couplings and off-diagonal exchange cou-
plings [15,29,30]. In particular, the magnetic ordering can 
be easily suppressed by an external magnetic field, giving 
rise to a quantum phase transition at a critical field Hc  7.6 
T [27,28,31] with field applied in the ab-plane of the lattice, 
or much higher fields applied out of the plane [32]. Recently, 
it has reported that the magnetic ordering can also be com-
pletely suppressed with a pressure above 1 GPa [33,34], 
leading to a novel magnetically disordered phase [34]. All 
these studies indicate a strong coupling between lattice, spin, 
and orbital degrees of freedom. 
This paper presents dielectric constant measurements on 
-RuCl3 single crystals. An anomalous reduction was found 
in the dielectric constant ε when the system enters the mag-
netic ordering upon cooling. When the magnetic ordering is 
suppressed by the magnetic field, the reduction in  is ab-
sent. Simultaneously,  also shows an anomalous reduction 
when the system undergoes the structural transition. Our 
data reveal a strong coupling among the charge and the 
magnetism of the system, and the dielectric constant can be 
used to probe the magnetic ordering and the quantum phase 
transition of this honeycomb lattice antiferromagnet. 
The single crystal was grown by the chemical vapor 
transport method [15]. The sample is plate like, with the 
crystalline c-axis along the thinnest dimension. The high 
quality of sample is demonstrated by the neutron scattering 
[15] and the NMR [27] study on the samples grown by the 
same group. For dielectric measurements at the ambient 
pressure, a single crystal with a dimension of 
18mm*8mm*0.2mm is chosen. 
The dielectric measurements are performed by a capaci-
tance method. Two copper plates were respectively attached 
to the two cleavage surfaces (along the ab-plane) of the sin-
gle crystal, and the capacitance between two plates was 
measured with an Agilent 4263B LCR meter with an excita-
tion level of 1.0 V at 100 kHz. The dielectric constant was 
then calculated by  = Cd / S, where C represents the capac-
itance measured between two copper plates, d represents the 
distance between copper plates, and S represents the effec-
tive surface area of one copper plate. In this paper, the rela-
tive value  / 0 are presented for all figures, where 0 is the 
dielectric constant of vacuum. The d and S were measured 
at the ambient conditions, whose changes under field and 
temperature affect were not considered in the calculation of 
. 
The dielectric constant was first measured at the ambient 
field. In Fig. 1, the ac dielectric constant  along the crystal-
line c-axis is shown as a function of temperature from 200 
K down to 2 K. Upon cooling,  decreases monotonically. 
By a first derivation of the data, as shown in the inset of Fig. 
1, two peaks are shown at temperature about 170 K and 7.5 
K. The high-temperature peak is consistent with a structural 
  
Figure 1  The ac dielectric constant  of -RuCl3 single crystal measured 
under zero magnetic field. 0 is the dielectric constant of vacuum. The 
electric field is applied along the c-axis of the crystal. Inset: The first deri-
vation of  / 0. The down arrow points at the magnetic transition at 
TN(7.5 K) and the up arrow points at the structural transition at Ts(170 
K). 
transition with changing stacking pattern along the c-axis, 
as revealed by earlier reports in -RuCl3 [12,35]. When 
cooled to about 7.5 K, the d / dT exhibits another peak, as 
shown in the inset of Fig. 1. Earlier magnetization and neu-
tron scattering studies have revealed magnetic ordering of 
-RuCl3 crystals, whose transition temperature TN depends 
on the stacking pattern along the c-axis [12,23,25,29]. The 
TN is about 14 K for the AB stacking and 7.5 K for the ABC 
stacking. Our sample is primarily composed of the ABC 
stacking [15,27]. Therefore, the coincidence of the peak of  
at 7.5 K is caused by the magnetic transition of the sample 
with the ABC stacking. The microscopic origin for this die-
lectric anomaly at the magnetic transition suggests a cou-
pling between magnetic and charge properties, which is 
extensively discussed later. 
We further verify that the above anomaly is always seen 
in the magnetic transitions of -RuCl3, by applying an ex-
ternal magnetic field. In Fig. 2, the dielectric constant is 
shown as functions of temperature, with different magnetic 
fields applied in the ab-plane of the sample. From 15 down 
to 2 K,  demonstrates an anomalous sharp decrease with 
temperature for all fields up to 7.5 T. The onset temperature 
for this anomaly, as marked by the black vertical lines, de-
creases with field. In fact, earlier NMR and the specific heat 
studies have shown that the magnetic ordering diminishes 
when the external field exceeds a critical field Hc  7.6 T 
[27]. For all fields, our onset temperatures for the decreases 
of  coincide with the TN. Therefore, our data confirm that 
the sharp drop of  always accompanies the magnetic transi-
tion. 
 
Figure 2  The dielectric constant  of the sample measured under differ-
ent magnetic fields, applied in the ab-plane of the crystal. The black verti-
cal lines mark the anomaly decrease in , demonstrating the magnetic tran-
sitions under different fields. 
The relation between the dielectric anomaly and the 
magnetic order was further investigated by the field de-
pendence of  at different temperatures. In Fig. 3, the  val-
ues are shown as functions of fields. At 2 K, a two-stage 
drop of  is seen with a decreasing field. The  values show 
a high-field decrease at about 7.5 T for all temperatures up 
to 7 K, which is consistent with the critical field Hc to sup-
press the magnetic order, as reported by NMR [27]. With 
increasing T, the fields at the drop of , as indicated by 
black lines, are consistent with the critical field at each 
temperature again by earlier reports [27,28,36]. A second 
drop of  appears at lower fields, as marked by the pink 
vertical lines in Fig. 3. This second drop occurs at a nearly 
constant field at different temperatures. 
 
 
Figure 3  Magnetic field dependence of the dielectric constant measured 
at fixed temperatures. The black vertical lines mark the fields below which 
the sample orders magnetically. A second drop of  at a lower field at each 
temperature is indicated by the pink vertical lines. 
  
Figure 4  Magnetic phase diagram of -RuCl3 determined by (T,H). An 
earlier phase diagram by magnetization measurement [27] are also plotted 
for comparison. The solid line is mean-field function fit to TN(H) data. TN 
are determined from dielectric constant with field applied in the ab plane 
shown in Fig. 2 and 3. 
The phase diagram of -RuCl3 determined by our dielec-
tric data is shown in Fig. 4. These data are also consistent 
with earlier magnetization measurements [27], as shown in 
Fig. 4. Therefore, our data clearly demonstrate that the 
anomaly in the dielectric constant is caused by the magnetic 
ordering in -RuCl3, and  can be a simple probe for mag-
netic transitions at the ambient condition and quantum 
phase transitions under external field. The TN(H) follows a 
mean-field function TN ~ (Hc - H)1/2 which supports a sec-
ond order phase transition. Therefore, a quantum critical 
point is strongly suggested at Hc by our study. 
T *(H), defined as the onset temperature, was then plotted 
for a second drop of (H) under field at different tempera-
tures. Since this occurs below TN, this anomaly may be 
caused by some inhomogeneity of the system or stacking 
faults of the crystal. Local measurements, such as micro 
force microscopy(MFM), are requested to understand the 
origin of this low temperature anomaly in . 
In principle, the dielectric constant is affected by the ion-
ic position, the electronic conductivity, and the dimension 
of the sample, all of which change with temperature. To 
understand the anomalous behavior of  close to the mag-
netic transition in -RuCl3, all possible contributions to our 
 data are discussed below. 
i) A structural effect. Although a structural transition with 
changing stacking pattern along the c-axis has been reported 
at about 150 K in -RuCl3 [12,35], our  data only detects a 
very small anomaly in d / dT in this temperature range. 
Furthermore, upon cooling, the lattice parameter c should in 
principle shrink with a larger extent than a or b for this qua-
si-2D materials because of a van der Waals coupling along 
the c-axis [24,37]. As a result, an increase of measured ca-
pacitance is expected. However, such a behavior is not seen 
in our measured dielectric constant. Therefore, the meas-
ured dielectric constant is not strongly affected by the 
change of lattice parameters and the large kinked drop of  
close to the magnetic transition cannot be attributed to the 
change of lattice parameters, especially when the magnetic 
transition of -RuCl3 is a second-order type at zero-pressure, 
where the change of the lattice parameters ought to be very 
small. 
ii) Weak electronic conductivity. For -RuCl3, a Mott 
gap is about 1 eV [14,38], and thermal activated conductiv-
ity is found by the high-pressure transport measurements 
[33]. In such cases, the finite conductivity should strongly 
enhance the measured  and lead to a decrease of  upon 
cooling for a gapped system because of reduced thermal 
activations. This contribution seems to qualitatively fit in 
our high-temperature data: as shown in Fig. 1, the measured 
 at 180 K is over 10 times of the vacuum; upon cooling,  
is rapidly reduced when the temperature is decreased to 50 
K. 
Below 50 K, however,  levels off with a large value, 
which suggests that an additional contribution, other than 
conductive electrons, is effective. 
iii) Magnetoelectric coupling. This is in analogy to the 
type-II multiferroics, whose ferroelectricity is driven by 
magnetic ordering just below the magnetic ordering tem-
perature [39]. However, in such cases, spiral magnetism or 
other types of non-collinear magnetic structures are re-
quested to produce the charge polarization [39]. For 
-RuCl3, a collinear zigzag magnetic ordering is established 
in each layer [25,29], which is different from most type-II 
multiferroics. However, this study shows a dramatic drop of 
the dielectric constant just at the magnetic transition, anal-
ogous to other type-II multiferroics. Hence, -RuCl3 is also 
a likely type-II multiferroics with magnetic driven charge 
polarization. Indeed, the drop of the  below TN in -RuCl3 
suggests an antiferroelectric phase rather than a ferroelectric 
type, as seen in Cu3Bi(SeO3)2O2Cl [40]. 
Recently, an anisotropic magnetodielectric measurement 
has also been reported in -RuCl3 [41]. By contrast, their 
drop of  is consistent with the AB stacking with a higher 
TN (~ 14 K). Our crystals are confirmed to be of ABC 
stacking from previous studies and therefore the same TN (~ 
7.5 K) by different probes drawing a direct coupling be-
tween magnetism and dielectric properties. 
In addition, the interlay coupling of -RuCl3 is a Van der 
Waals type [25], which in principle is too weak to account 
for such a strong magnetodielectric coupling. Aoyama et al. 
[41] proposed that the antiferroelectricity in -RuCl3 origi-
nates from the in-plane zigzag magnetic ordering. The 
competition between the broken inversion symmetry among 
the neighboring zigzag magnetic chains and the remaining 
inversion symmetry, causes an anti-parallel ionic displace-
ment among the neighboring Ru3+ sites along each zigzag 
 chain. As a result, the local polarizations of the near-
est-neighbor Ru3+ ions are antiparallel. 
In summary, we have resolved a sudden change of the di-
electric constant in -RuCl3 at the magnetic ordering tem-
perature and below a critical magnetic field which sup-
presses the magnetic ordering. This change is not seen at 
high fields, when the magnetic transition is absent. Our data 
also suggests a second-order quantum phase transition. 
Although an exact understanding for this novel observation 
requests further studies, this work suggests that -RuCl3 is a 
possible type-II antiferroelectric material and reveals die-
lectric measurement as an alternative probe for magnetic 
phase transition in -RuCl3. 
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